Ferrocenyl chalcones (Fc-C(O)CH=CH-Ar: Fc-Ar) with mono-and di-1-naphthalenyl moieties (Fc-1Naph and Fc-d1Naph) were prepared and spectroscopically characterized. The enone bridge was in the s-cis conformation and the π-electrons on the C=C bond were further delocalized on the bridge. The naphthalenyl moiety deviates greatly from the enone-Cp plane by 26.9(1) o . Cyclic voltammetry measurements for Fc-1Naph exhibit one reversible cycle for the redox of the ferrocenyl moiety at a lower potential, and one irreversible oxidation peak at the higher potential region. For Fc-d1Naph, the cyclic voltammogram is more featureless. Fluorescence properties for both compounds are active in polar solvents with λ em = 500 nm (EtOH) and λ em = 512 nm (MeOH) for Fc-1Naph and λ em = 496 nm (EtOH) and λ em = 508 nm (MeOH) for Fc-d1Naph. The intensity of Fc-d1Naph is more than twice than that of Fc-1Naph. The fluorescence properties for both compounds are inactive in the less polar solvents such as CH 3 CN, CH 2 Cl 2 and CHCl 3 .
Introduction
Ferrocenyl chalcone is a member of chalcone family, in which the ferrocenyl moiety and an aromatic unit, such as a phenyl derivative, are connected by an enone bridge, -C(O)CH=CH-. This system exhibits very versatile biological activities, such as antitumor, 1 antimalarial, 2 antiplasmodial, 3 and nematocidal 4 activities. On the other hand, it also has a broad range of applications in non-linear optical (NLO) materials, 5 organic light emitting diodes (OLED), 6 electrochemical 7 or fluorescent 8 chemosensors, etc. Recently, we intensively investigated the X-ray crystal structures, electrochemical properties, and fluorescence properties of ferrocenyl chalcones linked to several kinds of polycyclic aromatic hydrocarbons (PAH), such as 2-naphthalene, 9 2-anthracene, 10 9-anthracene, 11 N-ethyl carbazole,
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and 1-pyrene, 13, 14 with mono-or di-derivatizations. Among those, the 2-naphthalene derivative Fc-2Naph (Scheme 1) was revealed to be non-fluorescent in solution and in its solid state, even though 2-naphthaldehyde, the precursor to Fc-2Naph, is fluorescent (λ ex = 355 nm and λ em = 415 nm) in methanol (5.0 × 10 −4 M). The fluorescence of naphthalene was supposed to be quenched by the ferrocenyl moiety, because ferrocene is known to be an effective quencher of excited states.
9 But the ferrocenyl moiety does not always act as a quencher: the ferrocenyl chalcones with mono-1-pyrene, 13 di-1-pyrene, 14 2-anthracene, 9 and N-ethyl carbazole 12 are fluorescent. It is more interesting that the 2-anthracene derivative is fluorescent while the 9-anthracene derivative is not. This implies that the derivatization position on PAH, which in turn determines the structural and electronic characteristics of the compounds, can be one of the critical points for determining the fluorescence of the compounds. Along these lines, in order to study on the fluorescence properties of the naphthalenyl derivative of ferrocenyl chalcone, we prepared new ferrocenyl chalcones linked to one (Fc-1Naph) and two 1-naphthalene units (Fc-d1Naph). Their electrochemical and fluorescent properties, together with the X-ray crystal structure of Fc-1Naph, were investigated and explained in comparison with those of Fc-2Naph.
Experimental
First grade organic solvents were purchased and used without further purification. Melting points were determined using a Stuart SMP3 (Barloworld Scientific Ltd.). The measurement of the MALDI-TOF (Matrix-Assisted Laser Desorption Ionization-Time of Fight) mass was performed with a Voyager-DE TM STR Biospectrometry Workstation (Applied Biosystems Inc.). The infrared spectra were recorded by the KBr pellet method on a Perkin Elmer Spectrum 100 with a range of 4000-400 cm −1 , and the 1 H NMR measurements were performed at room temperature using an Avance 500 (Bruker) with the sample dissolved in CDCl 3 . UV-Vis. spectra were obtained on an HP 8452A diode array spectrophotometer and the fluorescence spectra were measured at room temperature by a Cary Eclipse fluorescence spectrophotometer (Varian) equipped with a Xenon flash lamp. The cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were carried out at room temperature with a CHI 620A Electrochemical Analyzer (CHI Instrument Inc.) in 3.0 mL CH 3 CN solution containing a 0.5 mM of the sample, using 0.1 M n-Bu 4 N·BF 4 as a supporting electrolyte, Ag/AgCl as a reference electrode, a Pt button working electrode, a Pt wire as a counter electrode, and with a scan rate of 100 mV s Preparation of Fc-d1Naph. Fc-d1Naph was prepared following the same method used for Fc-1Naph, using 1,1'-diacetylferrocene (1.0 mmol, 0.270 g), 1-naphthaldehyde (2.0 mmol, 0.271 mL), and NaOH (5.0 mmol, 0.198 g) in ethanol (20 mL). The orange solution was worked-up with the same manner and purified by column chromatography using toluene:ethyl acetate = 2.5:1. The product was crystallized from CH 2 Cl 2 /n-hexane. Yield 29% (153 mg). X-ray Structure Analysis of Fc-1Naph. The brown plate single crystals of Fc-1Naph that were suitable for X-ray structure analysis were grown by the slow-diffusion method in a CH 2 Cl 2 /n-hexane solvent pair. The X-ray crystallographic data for this single crystal was collected on a SMART APEX CCD SYSTEM (Bruker) equipped with a graphite-monochromated Mo K α (λ = 0.71073 Å) radiation source and a nitrogen cold stream (200(2) K). The structure was solved Scheme 2. Synthesis of Fc-1Naph and Fc-d1Naph. 128.0(6) torsion angle C13-C12-C11-O1 3.6(5) C11-C12-C13-C14 -174.6(0) C12-C11-C1-C2 167.5 (1) C12-C13-C14-C15 153.1 (1) by the direct method and refined by a full-matrix leastsquares analysis using anisotropic thermal parameters for non-hydrogen atoms with the SHELXTL program. 15 All of the non-hydrogen atoms were refined anisotropically, and hydrogen atoms were added to their geometrically ideal positions. The crystallographic data and the details of the data collection are listed in Table 1 , and the selected bond distances and angles are summarized in Table 2 .
Results and Discussion
Synthesis and Characterization. Fc-1Naph was obtained with a 54% yield by refluxing the reactants with an excess amount of catalytic NaOH. Fc-d1Naph was also obtained by the same method but in a lower yield (29%). These compounds were also synthesized by the solvent-free grinding method with almost the same yields, and they are spectroscopically identical with those obtained by the refluxing method. Strong ν(C=O) frequencies of Fc-1Naph and Fc-d1Naph were observed at 1642 and 1647 cm X-ray Structure Analysis of Fc-1Naph. The X-ray structure analysis of the Fc-1Naph single crystal shows that it crystallizes in an orthorhombic system with space group Pna2 1 (No 33). The bond length of C12=C13 in Fc-1Naph is 1.340(8) Å as shown in Table 2 , which is longer than that of Fc-2Naph (1.325(5) Å), 9 while the other C-C and C=O bond lengths in the enone moiety are the same in these two isomers within an error range. This indicates that the enone linkage in Fc-1Naph is electronically more delocalized than that in Fc-2Naph, and this could make the electronic communication between 1-naphthalene and ferrocenyl moieties facile. Therefore, the donor character of the ferrocenyl moiety can affect the emission property of the 1-naphthalene moiety via the more delocalized enone linkage in Fc-1Naph.
The molecular structure of Fc-1Naph (Fig. 1) shows that the C11=O1 and C12=C13 double bonds of the intervening C11-C12 single bond in the enone moiety are in the s-cis conformation. As for the Fc-PAH compounds where the carbonyl moiety is directly linked to the ferrocenyl group, such as in Fc-2Naph, 9 Fc-9Anth, 11 Fc-EtCbz, 12 and Fcd1Pyr, 14 this type of s-cis conformation is usually observed. In comparison, however, the s-trans conformation is found in the molecular structures of 2Anth-Fc 10 and 9Anth-Fc,
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in which the carbonyl moiety is directly linked to the anthracenyl group. The molecular structure of Fc-1Naph ( Fig. 1 ) and its torsion angles (Table 2) indicate that the enone bridge is almost planar with a torsion angle of 3.6 (5) o for ∠C13-C12-C11-O1, as well as the Cp ring (0.6(2) o for ∠C1-C2-C3-C4) and naphthalenyl ring (1.5 (1) o for ∠C14-C16-C19-C21). The planar naphthalenyl group, however, significantly deviates from the co-planarity with the plane made by the enone moiety, giving the dihedral angle of about 26.9 (1) o for ∠C12-C13-C14-C15. The Cp ring also deviates with the dihedral angle of 12.5 (1) o for ∠C12-C11-C1-C2. These deviations of co-planarity may block the quenching ability of the effective ferrocenyl quencher. 16 These structural characteristics are comparable to that of nonfluorescent Fc-2Naph, where the enone and naphthalenyl moieties are almost co-planar with a dihedral angle of 4. 4(3) o . Combining both factors, the delocalization of the C12=C13 bond in the enone moiety and the deviation of coplanarity among the Cp ring, enone, and naphthalenyl moieties, and assuming that the molecular structure in the solid state is not significantly modified in solution, Fc1Naph is fluorescent in contrast to non-fluorescent Fc2Naph, as will be discussed below.
In the crystal packing mode of Fc-1Naph viewed normal to the ac-plane (Fig. 2) , the two enantiomers are found in a crystal structure. These enantiomers stack along the b-axis, therefore, the alternative ferrocenyl and naphthalenyl layers are formed in the bc-plane with a long separation between Electrochemical Properties. The electrochemical properties of Fc-1Naph and Fc-d1Naph were investigated by cyclic voltammetry (CV) and differential pulse voltammetry (DPV), as shown in Figure 3 and Figure 4 , respectively. The parameters are listed in Table 3 and compared with their reactants and Fc-2Naph. The CV of Fc-1Naph shows one reversible cycle at E 1/2 = 0.727 V, corresponding to the redox process of the ferrocenyl unit (inset of Fig. 3(a) ), and one irreversible anodic peak at E pa = 1.817 V, corresponding to the irreversible oxidation of the naphthalenyl unit. These potentials are very close to those of Fc-2Naph (E 1/2 = 0.719 V and E pa = 1.878 V), 9 as well as that of ActFc (E 1/2 = 0.725 V). However, the half-wave potential (E 1/2 ) of the first cycle for Fc-d1Naph is more anodic by about 0.2 V than is Fc1Naph because of the greater substitution of the ferrocenyl unit, while the anodic potential (E pa 2 ) of the naphthalenyl unit is not shifted as much for the three ferrocenyl-naphthalene compounds (1.791-1.878 V) listed in Table 3 . The shape of CV of Fc-d1Naph is somewhat featureless with a very week reduction peak of the ferrocenyl unit. But the narrow scanning between 0.5 V and 1.3 V (inset of Fig. 4(a) ) exhibits a reversible cycle for the ferrocenyl unit. This indicates that the reduction of ferrocenyl unit in Fc-d1Naph is significantly influenced by the previous redox history like the redox of naphthalenyl unit, in contrast to Fc-1Naph.
Fluorescence Properties. The fluorescence spectra of Fc1Naph and Fc-d1Naph, which are dissolved in polar solvents, such as methanol (E N T = 0.762 where E N T is a normalized empirical parameter of solvent polarity), 17, 18 and ethanol (E N T = 0.654) with a concentration of 1.5 × 10 −5 M, are shown in Figure 5 and 6, respectively, coupled with their excitation spectra. Even though both compounds are also soluble in less polar solvents, such as CH 3 CN (E N T = 0.460), CH 2 Cl 2 (E N T = 0.309), and CHCl 3 (E N T = 0.259), fluorescence was not observed. An emission peak was observed at 500 nm for Fc-1Naph and at 496 nm for Fc-d1Naph in ethanol. The bathochromic shift from the emission of the reactant, 1-naphthaldehyde (λ ex = 407 nm and λ em = 483 nm in ethanol), is ascribed to the functionality of the ferrocenylenone group linked to the 1-position of naphthalene. This is related to the fact that Fc-2Naph is non-fluorescent, 9 while 2-naphthaldehyde is fluorescent (λex = 311 nm and λem = 425 nm in 5.0 × 10 −4 M ethanol solution). The emission intensity (I em ) and absorptivity (ε em ) of the compounds are compared in Table 4 . It is noted that the absorptivity of the di-naphthalene compound Fc-d1Naph is 4 times more intense than that of the mono-naphthalene Fc1Naph when measured in the same conditions with a concentration of 1.5 × 10 −5 M. In conclusion, ferrocenyl chalcones with one and two 1-naphthalenes (Fc-1Naph and Fc-d1Naph) were prepared and characterized. These compounds were fluorescent in polar solvents (ethanol and methanol) but non-fluorescent in less polar solvents (CH 3 CN, CH 2 Cl 2 , and CHCl 3 ). These properties are comparative to their isomer, Fc-2Naph, which was non-fluorescent in the above solvents. This is likely to stem from the structural differences in which 1-naphthalene and the enone-Cp ring yield a larger dihedral angle (26.9(1) o ) in Fc-1Naph than that observed in Fc-2Naph (4.4 (3) o ). These differences result in the well-known quencher (ferrocenyl moiety) having less influence on the fluorophore (naphthelenyl moiety), and this consequently results in the fluorescent Fc-1Naph. 
